JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org. abstract: Rensch's rule refers to a pattern in sexual size dimorphism (SSD) in which SSD decreases with body size when females are the larger sex and increases with body size when males are the larger sex. Many animal taxa conform to Rensch's rule, but it has yet to be investigated in plants. Using herbarium collections from New Zealand, we characterized the size of leaves and stems of 297 individuals from 38 dioecious plant species belonging to three distantly related phylogenetic lineages. Statistical comparisons of leaf sizes between males and females showed evidence for Rensch's rule in two of the three lineages, indicating SSD decreases with leaf size when females produce larger leaves and increases with leaf size when males produce larger leaves. A similar pattern in SSD was observed for stem sizes. However, in this instance, females of small-stemmed species produced much larger stems than did males, but as stem sizes increased, SSD often disappeared. We hypothesize that sexual dimorphism in stem sizes results from selection for larger stems in females, which must provide mechanical support for seeds, fruits, and dispersal vectors, and that scaling relationships in leaf sizes result from correlated evolution with stem sizes. The overall results suggest that selection for larger female stem sizes to support the weight of offspring can give rise to Rensch's rule in dioecious plants.
Introduction
Sexual size dimorphism (SSD) is commonplace among animals. In some species, males are bigger than females, whereas in other species females are bigger than males (see West 2009 ). Rensch's rule attempts to account for interspecific variability in SSD by placing body size in an allometric context (Rensch 1960; Abouheif and Fairbairn 1997; Fairbairn 1997 ). Rensch's rule states that the degree of SSD increases with body size among related taxa when males are the larger sex and that SSD decreases with body size when females are the larger sex (Rensch, 1960) . Consequently, Rensch's rule predicts that males are the larger sex in large-bodied species (hyperallometry, or positive allometry), whereas females are the larger sex in smallbodied species (hypoallometry, or negative allometry). Rensch's rule has been documented in a range of animal groups, including primates (Smith and Cheverud 2002) , turtles (Stephens and Wiens 2009) , shorebirds (Székely et al. 2004) , chameleons (Stuart-Fox 2009) , and hummingbirds and mites (Colwell 2000) , which suggests that it might be commonplace among animals (Abouheif and Fairbairn 1997; Fairbairn 1997 ; but see Webb and Freckleton 2007) . Although numerous studies have investigated SSD in plants (see Obeso 2002) , no previous study has tested for evidence of Rensch's rule in plants.
Most plants produce hermaphroditic flowers, which serve both male and female functions. However, a small percentage of plants are dioecious, meaning that they are either strictly male or strictly female (Sakai and Weller 1999; Barrett 2002 ). In addition to having different roles in reproduction, males and females in dioecious plant species can differ morphologically (Obeso 2002) . However, body size is difficult to characterize empirically. Plants are modular organisms that repetitively produce groups of organs (e.g., stems and leaves) that are coordinated physiologically and functionally (see Herrera 2009 ). Corner (1949) was the first to recognize that different plant organs-in particular leaves, stems, and flowers-often covary in size among species. Therefore, plant morphology can be characterized with separate measures of different organs that covary allometrically (see Niklas 1994) .
Here, we provide the first test for Rensch's rule in plants. We measured leaf and stem sizes of 38 dioecious plant species from New Zealand using herbarium material to identify scaling relationships between male and female morphology. In addition to investigating overarching patterns in SSD of stems and leaves, we analyzed three diverse lineages of dioecious plants separately (the genus Coprosma, the genus Clematis, and the conifer family Podocarpaceae) to test whether evidence for Rensch's rule differs among distantly related phylogenetic lineages. We also assessed differences in SSD between leaves and stems to derive a hypothesis to explain observed relationships between male and female morphology.
Methods
Most plants produce both male and female reproductive tissues. Strict dioecy, in which plants perform either male or female functions, is uncommon on a global scale; approximately 7% of plant genera are dioecious (Barrett 2002) . However, in some geographic regions, particularly isolated islands such as Hawaii and New Zealand, the incidence of dioecism is unusually high. Approximately 18% of all plant genera in New Zealand are dioecious, which makes it an ideal geographic locale to test for Rensch's rule in plants (see Webb et al. 1999) .
To characterize sexual dimorphism in plant sizes, we used the national herbarium at Te Papa Tongarewa (the National Museum of New Zealand) and the somewhat smaller herbarium at Victoria University of Wellington. First, we identified all dioecious species that were represented by both male and female specimens. This was achieved by examining each individual herbarium sheet for all dioecous taxa. From this initial inventory, we identified three clades with a sufficient number of representatives (∼10 or more) to be analyzed independently (the genus Coprosma [Rubiaceae], the genus Clematis [Ranunculaceae] , and the conifer family Podocarpaceae). All of the specimens used in the study contained woody stems, had fully expanded leaves, and were reproductively mature. Because stem sizes were estimated from woody tissues, distortion caused by drying should not vary systematically among sexes or species.
Plant structure and development is modular, and tissues are deployed both aboveground and belowground, which severely hampers obtaining a single parameter to characterize plant size. A variety of metrics, including basal stem diameter, diameter at breast height, and plant height, could be used to characterize plant size. We chose to focus on the size of leaves and stems to characterize body size in plants, because leaves and stems are readily obtained from herbarium specimens, and because these metrics have been used frequently in the past (see Corner 1949; White 1983; Bond and Midgley 1988, 1989; Ackerly and Donoghue 1998; Brouat et al. 1998; Shucun et al. 2006) . Stems must support the weight of leaves, so leaf and stem sizes are likely to be associated allometrically. Therefore, investigating differences in SSD between stems and leaves might provide some insight into the processes responsible for observed patterns in SSD.
The data set comprised 297 specimens representing 38 species. To preserve their integrity for future use, herbarium specimens were not destructively sampled, so exact measures of leaf size were impossible. Instead, we estimated leaf size by quantifying leaf length (the linear distance between the leaf tip and the base of the petiole) and leaf width (the maximum distance perpendicular to the length measurement at the widest point of the leaf) on two randomly selected leaves from each specimen (i.e., herbarium sheet). The area of an ellipsoid (A p p # ) was then used as a proxy for leaf area. Stem L/2 # W/2 diameters were measured 10 mm toward the base of the specimen from the point of petiole attachment of the second randomly selected leaf (i.e., on the internode 10 mm away from the node where the leaf was attached). Leaf measurements were averaged within each specimen before analyses.
Species were often represented by a variable number of herbarium specimens. For those species that were represented by fewer than five specimens for a particular sex, all specimens were analyzed. For species that were represented by more than five specimens of each sex, five specimens were randomly selected for analyses. Therefore, a variable number of replicates was used to characterize males and females of each species (mean ‫ע‬ SE p ). 3.94 ‫ע‬ 0.093 A variety of statistical methods could be used to test for Rensch's rule in dioecious plants. Mean leaf and stem sizes in females could be regressed against the corresponding mean values for males. Estimates of slope and intercept parameters could then be obtained to determine whether they were less than 1 and greater than 0, respectively. However, this approach would be problematic for several reasons. First, it ignores differences in phylogenetic relatedness among replicates (species). Unfortunately, accurate phylogenetic hypotheses for each of the three clades have yet to be constructed, which precludes the use of standard techniques, such as phylogentically independent contrasts (see Colwell 2000) . Consequently, we analyzed each clade separately to test whether clade-specific results differed from the results of a pooled analysis of the entire data set. Separate analysis of each clade addresses phylogentic relatedness to the greatest extent currently possible.
Second, the analysis of mean values is problematic because it ignores among-individual variation in stem and leaf morphology. Incorporating individual variation into analyses is important because SSD may arise from differences in maturation rates between the sexes. For example, if the onset of male function appears earlier in ontogeny than does the onset of female function, males would likely show greater variability in stem and leaf sizes. To account for among-individual variation, we conducted a bootstrapping procedure that calculated slope and intercept parameters on the basis of separate analyses of individual specimens. During each bootstrap replicate, one individual of each sex was randomly selected from each species, and reduced major axis regression (RMA, also referred to as standardized major axis regression) was used to obtain slope and intercept parameters. This procedure was iterated 10,000 times, and the mean slope and intercept parameters, along with their associated standard deviations, were used to test for statistical differences from 1 and 0, respectively, using z scores and their associated P values.
This bootstrapping procedure was also applied to all individuals in the pooled data set to test for overarching evidence for Rensch's rule. However, each clade was represented by a different number of species, so clades with many representatives (e.g., Coprosma) would have a larger weighting in pooled analyses than would clades with fewer representative species (e.g., Clematis). To avoid this potential source of bias, slope and intercept parameters were calculated separately for each clade using the bootstrapping procedure described above, and these values were then averaged to insure that each clade had the same influence on parameter estimates. All analyses were conducted in the R environment for statistical computing, and RMA analyses were conducted with the SMATR package (Warton et al. 2006; R Development Core Team 2007) . Data were logarithm transformed to conform to regression assumptions.
Results
Female leaf sizes scaled positively with male leaf sizes in all three lineages ( fig. 1 ). Pooled analysis of leaf sizes showed support for Rensch's rule, with a slope of less than 1 (table 1) . However, results varied among phylogenetic lineages. Clematis and Coprosma showed support for Rench's rule, whereas the Podocarpaceae exhibited a slope that was greater than 1, which is inconsistent with Rensch's rule.
Similar results were found for stem sizes. Female stem sizes covaried positively with male stem sizes in all three lineages ( fig. 2 ). Pooled analysis of stem sizes exhibited a slope that was less than 1 (table 1) . However, in this instance, evidence for hyperallometry was weak, and the results differed among lineages. Although Clematis and the Podocarpaceae had slopes and intercepts that were less than 1 and greater than 0, respectively, Coprosma showed a different relationship. It exhibited an intercept that was greater than 0 and a slope that was greater than 1, which indicated that females consistently produced larger stems than did males and that female-biased SSD increased with stem sizes.
Discussion
Our results provide the first evidence that plants obey Rensch's rule. Although the pattern varied among phylogenetic lineages, in smaller-leaved species, females generally produced larger leaves than did males. Conversely, in larger-leaved species, males produced larger leaves than .193-.195) 527.965* Note: Entries were generated by a bootstrapping procedure that calculated mean slope and intercept parameters (‫ע‬SD) using major axis regression of values for individual plants. Confidence intervals (CIs) are listed in parentheses, and z scores are given for slopes equal to 1 and intercepts equal to 0.
did females. A similar pattern was observed in analyses of stem sizes. However, in this instance, females generally produced bigger stems than did males in smaller-stemmed species, and stem sizes were similar in larger-stemmed species.
In a previous test for Rensch's rule in animals, Colwell (2000) found support for Rensch's rule in 154 species of hummingbird and 37 species of flower mites. General agreement has also been found in taxa as disparate as primates (Smith and Cheverud 2002) and Emydid turtles (Stephens and Wiens 2009) . In a review of 40 clades of terrestrial animals, Fairbairn (1997) found few exceptions to Rensch's rule, which were often associated with femalebiased sexual size dimorphism (SSD). Likewise, in an extensive review of available data for arthropods, birds, reptiles, and fish, Webb and Freckleton (2007) found stronger support for Rensch's rule when males were the larger sex than when females were the larger sex (see also Dale et al. 2007 ). However, support for Rensch's rule has been found in some taxa in which the females are the larger sex (e.g., Colwell 2000; Stuart-Fox 2009) .
No previous study has tested for Rensch's rule in dioecious plants. However, in an extensive review of sexual dimorphism in plants, Obeso (2002) found that differences in morphology between sexes are common in dioecious plants. Although differences in methodology among studies precluded quantitative meta-analyses, he found that herbs often exhibit female-biased size dimorphism, whereas male-biased dimorphism was more common in trees and shrubs. Therefore, results from previous investigations of sexual dimorphic plants seem to provide further support for Rensch's rule.
Although results generally showed support for Rensch's rule, patterns varied among phylogenetic lineages. Scaling relationships in leaf size obeyed Rensch's rule in Clematis and Coprosma. However, the opposite pattern was observed in the Podocarpaceae; females of smaller species produced relatively small leaves, whereas females of large species produced relatively large leaves. Scaling relationships in stem size also varied among lineages. In this instance, Clematis and the Podocarpaceae obeyed Rensch's rule, whereas in the genus Coprosma females consistently produced larger stems than did males and SSD increased with stem sizes. An explanation for among-lineage variability in male-female scaling relationships is unclear and awaits additional study.
Explanations for the evolution of Rensch's rule can be grouped into three categories (see Dale et al. 2007; Walker and McCormick 2010 for recent discussions). First, Rensch's rule may arise from evolutionary constraints. If genetic variability differs between the sexes, then the sex with greater variability may respond to selection more strongly. Second, Rensch's rule may arise when sexual selection for differential body size in one sex produces a correlated, weaker evolutionary response in the other sex. Third, natural selection may promote Rensch's rule in several ways. Natural selection could favor sexual dimorphism to reduce intersexual competition for resources, or natural selection for elevated female fecundity may promote correlated, yet weaker, body size evolution in males.
In the case of plants, sexual selection seems unlikely, and although evolutionary constraints cannot be ruled out, we hypothesize that Rensch's rule results from natural selection for increased female stem sizes. Females must pro-vide mechanical support not only for seeds but also for accessory structures associated with seed dispersal. In the case of fleshy-fruited taxa (e.g., Coprosma and Podocarpaceae), these accessory structures include fleshy fruit pulp and animal dispersal vectors, which typically support themselves on branches when consuming fruits. Furthermore, females of smaller-stemmed species should experience greater mechanical stress from seeds, fruits, and dispersers relative to larger-stemmed species, which may promote hypoallometry. Colwell (2000) offers a similar explanation for SSD in hummingbirds; females of smaller species must be large enough to carry eggs that vary hypoallometrically with body size. If this interpretation is correct, then the allometric relationship exhibited by leaves may result from correlated evolution. In other words, selection for larger stems in females may result in a correlated, weaker evolutionary response in leaves. Harris and Pannell (2010) recently provided a similar explanation for SSD in Leucadendron, which is a genus of dioecious shrubs from southern Africa. Females of most species produce wider, less divided stems than do males. Fire is a common component of habitats occupied by Leucadendron, which correspondingly produce serotinous fruits that dehisce only after they are exposed to fire. Therefore, females must support the weight of large, conelike fruits for long periods of time, providing a compelling explanation for female-biased SSD.
Numerous measures other than stem and leaf sizes could have been used to characterize plant size (Gregoire et al. 1995) . Therefore, our results may not have been the same had we used different measures, such as basal stem diameter, total plant biomass, or leaf number. Herbarium specimens are advantageous because a large number of replicates can be amassed relatively easily. However, herbarium specimens are collected haphazardly, and the resulting data are not free from environmental effects. Herbarium specimens may also become distorted during the pressing and drying processes (Delisle et al. 2003) . However, for processing distortion to generate the patterns observed, not only would males and females have to dry at different rates but sex-based distortions would also have to be consistently related to overall leaf and stem sizes, which seems unlikely.
SSD obeys Rensch's rule in many animals. Here, we illustrate that many dioecious plants show a similar pattern in SSD, which widens the scope of Rensch's rule considerably. Although previous work on dioecious plants seems to be consistent with this result, quantitative analyses presented here are restricted to a limited number of species from just a few taxonomic lineages. Therefore, additional work is needed to identify the generality of Rensch's rule in dioecious plants, in addition to determining whether this pattern in SSD varies consistently among phylogentic lineages or geographic locales or with life-history characteristics, such as seed size or dispersal mode.
